The performance properties (indirect tensile strength, rutting resistance, and resilient modulus) of recycled aged CRM mixtures and their correlation with Superpave binder properties (viscosity, high failure temperature, G*sin , and stiffness) were investigated.
1. INTRODUCTION
Background
More than 300 million scrap tires are disposed of in the United States every year. Currently, approximately 67% of these are utilized for applications such as tire-derived fuel, molded products, and crumb rubber (Amirkhanian and Corley 2004; Lee et al. 2011) . There is an increasing interest in using crumb rubber modified (CRM) binders in hot mix asphalt (HMA) pavements in the Unites States and other countries (Akisetty et al. 2011; Bahia and Davies 1994; 
RESEARCH OBJECTIVE and SCOPE
The main objective of this research was to gain an improved understanding of the properties of recycled aged CRM binders and to evaluate the relation of the Superpave binder test results with the performance properties of the recycled aged CRM mixtures. The CRM binders were produced in the laboratory incorporating one CRM source (ambient passenger tire) and one CRM percentage (10% by weight of asphalt binder). The CRM binders were artificially aged using rolling thin film oven (RTFO) + pressure aging vessel (PAV) procedures, and the aged CRM binders were recycled using two base binders (performance grade (PG) 64-22 for 0% and 15% RAP binders, and PG 58-22 for 25% and 35% RAP binders). The recycled aged CRM binders were artificially aged using the same RTFO+PAV methods. Figure   1 shows a flow chart of the experimental design for CRM binders. The CRM mixes were produced in the laboratory using two aggregate sources and artificially aged in an accelerated aging process. The aged CRM mixes were recycled using the same virgin aggregate and two base binders (PG 64-22 for 15% recycling, and PG 58-28 for 25% and 35% recycling). Figure 2 shows a flow chart of the experimental design for CRM mixtures. mm) and used with a gradation as shown in Table 1 , which is widely used to produce the CRM mixtures in South Carolina.
MATERIALS and TEST PROGRAM
To ensure that the consistency of the CRM was maintained throughout the study, only one batch of crumb rubber was used in this study.
Asphalt binders
Two base binders of PG 58-22 and PG 64-22 were used to produce rubberized binders throughout the study. Table 2 summarizes the properties of the binders included in this study.
Aggregates
The mineral aggregates used for this study were obtained from two different locations in South Carolina and designated as aggregate sources B and L. Table 3 shows the properties of two aggregates. Hydrated lime, used as an anti-strip additive, was added at a rate of 1% by dry mass of aggregate.
Rubberized Binder Production and Aging
The binder mixing used in this study was the wet process, in which the CRM is added to the base asphalt binder before introducing it in the asphalt concrete matrix. The rubberized binder was manufactured in the laboratory by mixing the CRM with the binder at 177 using an open blade mixer at a blending speed of 700 rpm for 30 minutes (Shen et al. 2006 ). The percentage of crumb rubber added for the 
Recycling of Aged Rubberized Binders
Virgin rubberized binders produced using PG 64-22 base binders were used for the recycling of 0% and 15% RAP binders. The virgin binder grade was selected based on the previous research which concluded that in the case of 15% RAP, the PG grade of the asphalt binder added for the recycling can be the same as that used in 0% RAP (Pavement Recycling Guideline 1997; Shen et al. 2006) . With respect to the 25% and 35% RAP binders, the PG 58-22 base binders were utilized to produce virgin rubberized binders for the recycling (Figure 1 ). The recycled aged rubberized binders were then artificially aged using RTFO and PAV processes.
Superpave Binder Tests
The properties of these rubberized binders were evaluated using selected Superpave binder test procedures including the viscosity test (AASHTO T 316), the BBR test (AASHTO T 313), and the DSR test (AASHTO T 315: with the plate gap adjusted to 2 mm). The plate gap adjustment was used to eliminate the influence of rubber particle size (Heitzman 1992; Kim et al. 2001; Zanzotto and Kennepohl 1996) . Three duplicate samples were tested by the rotational viscometer, the BBR, and the DSR. The results were reported as the average of these tests.
Recycling of Aged Rubberized Mixtures
The rubberized binder produced using a base binder of PG 64-22 was used for 0% and 15% mixture recycling. In case of 25% and 35% recycling, the base binder of PG 58-22 was selected to produce the virgin CRM binder for the recycling (Figure 2 ).
The eight CRM mixtures (2 aggregates 4 recycling percentages of 0%, 15%, 25%, and 35%) were designed according to AASHTO M 323-04. Optimum asphalt contents (OAC) were determined from these designs, and used to produce the recycled aged CRM mixtures.
Indirect tensile strength (ITS)
The indirect tensile strength (ITS) properties were measured to evaluate the moisture susceptibility of the mixtures. Two sets of 3 samples each were tested at 25 in dry and wet states. The samples were 150 mm diameter having a height of 95 mm and an air void content of 7±1%.
The ITS and tensile strength ratio (TSR) values were calculated, and the results were reported as the average.
Asphalt pavement analyzer (APA)
The APA test in this study was conducted on cylindrical samples with an air void content of 4±0.5%, a height of 75 mm and a diameter of 150 mm. The test temperature was 64 , the hose pressure was 690 kPa, and the wheel load was 445 N. The rut depth was recorded and measured manually after 8,000
cycles.
Resilient modulus (Mr)
The resilient modulus test was carried out at temperatures of 5, 25, and 40 according to ASTM 4123. Four duplicate samples with 150 mm diameter and 95 mm thickness were compacted using the Surperpave Gyratory Compactor (SGC) to an air void content of 4±0.5%. One of the four samples was used to measure the ITS value by which the repeated load is determined, specifically 30%, 15% and 5% of the ITS was used as the repeated load for the tests at 5, 25 and 40 ;
respectively. The resilient modulus value was reported as an average of three samples.
Indirect tensile strength (ITS) after long-term oven aging
The recycled aged CRM mixtures were artificially aged using an accelerated aging process (an oven aging for 2 days at 100 ) in the laboratory (Shen et al. 2006 
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SUMMARY and CONCLUSIONS
To investigate the correlation between the Superpave binder properties and the mixture properties, the CRM binders were artificially aged through accelerated aging procedures. The aged CRM binders were recycled at 0%, 15%, 25%, and 35% RAP binder percentages by total binder weight, and then artificially aged using the RTFO and PAV processes. A series of Superpave binder tests were carried out using the rotational viscometer, the DSR, and the BBR to evaluate the performance properties. Also, the CRM mixes were artificially aged through accelerated aging processes.
The aged CRM mixes were recycled at RAP contents of 0%, 15%, 25%, and 35%. A series of mixture tests were conducted to obtain the ITS, the rut depth, the resilient modulus, and the ITS properties after long-term oven aging.
From these test results, the following conclusions were drawn for the limited materials used in this study.
-The aged CRM binders were utilized up to 35%, and in most cases, the performance properties (i.e., rutting, fatigue cracking, and low temperature cracking properties) showed the results meeting current Superpave binder requirements.
-Generally, artificially aged CRM mixes were recycled up to 35%, and the engineering properties of the recycled mixtures showed the results satisfying current the requirements for conventional HMA mixtures.
- -It is recommended to conduct another study to evaluate the HMA mixture properties using different CRM binders and aggregate sources, and correlate the Superpave binder properties with the mixture properties to generalize these findings.
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